The fundamental physical phenomena involved in the application of fiber optics to in vivo densitometry or oximetry were investigated on bovine blood, and a new method for calibrating dye-dilution curve was proposed.
The First Department of Internal Medicine (Prof. T. Nakamura), Tohoku University School of Medicine, Sendai
The fundamental physical phenomena involved in the application of fiber optics to in vivo densitometry or oximetry were investigated on bovine blood, and a new method for calibrating dye-dilution curve was proposed.
1) Reflected light was increased by the movement of blood when fiber optics were positioned either across or against blood flow, and decreased when they were positioned along the blood flow. The increment or decrement of reflected light attained its maximum with a flow rate of 10cm/sec, and reflected light came to the original level at rest with further increase in flow rate. The orientation of discoid red blood cells, transformation of the cells, and the occurrence of turbulence were taken into consideration as possible causes.
2) Reflected light was decreased with admixture of dye. The ratio of this decrement to reflected light before admixture of dye did not show any sample to-sample variation.
3) This relationship was utilized for calibrating dye-dilution curves.
Cardiac output calculated by this method agreed well with that by the conventional cuvette method.
Fiber optic densitometer1
has come into use in association with the advancement of modern medical technology and has been applied for clinical in vivo densitometry. where I, is the intensity of light reflected by dye solution, k is the extinction coefficient of the dye, and c is the dye concentration in plasma. Combining equations (1) and (2), we obtain: Dye concentration in the whole blood (c) is expressed as:
and then, as:
Equation (3) indicates that the ratio of reflected light with a dye solution of a given concentration to reflected light from the solvent without dye is a function of both hematocrit and the length of one side of red blood cell and the ratio is independ ent of incident light, the extinction coefficient of plasma and reflexibility. 
1) Relationship between intensity of light reflected and blood flow
Four experiments were performed in reference to the three directions of fiber optics across, against, and along the blood stream.
Reflected light was quite unstable even at rest, and its fluctuation became minimum about 10 seconds after cessation of flow. Intensity of light reflected at this moment was determined as that at rest.
Reflected light was increased by the movement of blood with fiber optics positioned either across or against the blood stream. On the other hand, reflected light was decreased by the movement of blood when fiber optics was positioned along the blood stream.
The relationship between the rate of flow and reflected light was examined in each of the 3 directions.
Reflected light was rapidly increased by the increase of flow rate with fiber optics across the blood stream, and reached its maximum with a rate of flow around 10 cm/sec. Further increase in flow rate tended to decrease reflected light gradually and the intensity of reflected light tended to The ordinate is for the flow rate, and the abscissa for the difference of reflected light at rest and at flow. Reflected light is increased by the movement of blood and it reached its maximum at flow rate of around 10 cm/sec. approach to that at rest (Fig. 1) . A similar relation was found in the experiment with fiber optics positioned against the blood stream (Fig. 2) . The maximum increments of reflected light with fiber optics across and against the blood stream were 15.0 and 20.1 per cent, respectively. These relations were reversed, however, The flow rate is given in ordinate, and the decrease of reflected light from its intensity at rest in abscissa. It is noted that reflected light is minimum at a flow rate of around 10cm/sec. when fiber optics was positioned along the blood stream (Fig. 3) . In this case, reflected light was rapidly reduced by the movement of blood and reached its minimum at the rate of flow around 10 cm/sec, and it gradually increased reflected light and then tended to approach to the original intensity at rest. The maximum reduction of reflected light amounted to 11.5 per cent of that at rest. These relationships between the rate of flow, direction of flow and reflected light did not change when the blood samples with hematocrit of 8 to 77 per cent were used (Fig. 4) .
2) Dye concentration and intensity of light reflected Three experiments were performed to examine the validity of equation (3) in regard to hematocrit. Hematocrit was varied from 10 to 90 per cent. Cardio green was added in a concentration of 10 mg/1 in the whole blood. Reflected light was decreased by mixture of dye. The ratio (Ia/I) was plotted against hemato crit (Fig. 5 ). This ratio was noted to be constant irrespective of the change in hematocrit. ted as 6.0 per cent of reflected light before mixture of the dye.
3) Calculation of cardiac output with a new calibration method of dye-dilution curve Cardiac output was calculated from each of 6 dye-dilution curves obtained with fiber optics and a cuvette densitometer. A new method was applied to the calibration of dye-dilution curves recorded with fiber optics in the light of the above-mentioned results on the relationship between dye concentration and intensity of light reflected. The intensity of light reflected before injection of dye was measured, and 10.3 and 6.0 per cent of the intensity was assumed to be the deflection when 10 mg/1 of Cardio green and Coomassie blue were present in the whole blood, respectively. Dye concentration area and cardiac output obtained by this new method showed a good agreement with those by a cuvette, densitometer ( Fig. 6 and Table 3 ). 1) Relationship between intensity of light reflected and blood flow The change in reflected light by blood flow may be caused by some change of red blood cells. This change is attributed to the change in reflexibility defined in equation (1). This phenomenon has been observed with transmitted light,5 the DISCUSSION nature of which has not yet been fully analyzed. Kuroda and Fujino6 reported that when red blood cells were immersed in a hypotonic solution and transformed from discoid into spheric form, the change in transmitted light by blood flow was decreased. There is the another observation that the change in transmitted light by blood flow was diminished when lecithin was given and red blood cells became spheric.7 It is likely from these results that the change in reflected light by blood flow is due to the discoid shape of red blood cells.
Reflected light in blood which is apparently standstill showed considerable waving. The same phenomenon was reported in transmitted light. The transmit ted light from blood fluctuated at least for 24 hours." The fluctuation may be caused by blood sedimentation or rouleaux formation" or some other micromove ments of suspended corpuscles.
Red blood cells are distributed in random directions at rest, but they are arranged in such a direction as to minimize the shear stress in the presence of flow. They would accumulate in the center of a tube when the velocity of flow is sufficiently high.10 Nevertheless, the axial drift would not play a significant part in the present experiments, since the diameter of the tube is quite large.
When fiber optics are situated across the blood stream, red blood cells that contribute to light reflection will increase in number (Fig. 7) . This is the reason of increasing light by blood stream.
When fiber optics are positioned against the blood stream, the stream line at the tip of fiber optics makes a bend parallel to the plane of the section of fiber optics as shown in Fig. 7 , and the resulting effect is the same as that on fiber optics across the blood stream. When fiber optics are posi tioned along the blood stream, eddy formation will participate in decreasing reflected light.
The changes in reflected light were maximum at a flow rate of 10 cm/sec in all 3 directions. The intensities of light reflected showed a tendency to approach gradually to the intensity at rest by further increase in flow rate. The orientation of red blood cells will again become randomized on account of the development of turbulence, and the intensity will be equal to that at rest. Nilsson11described that transmitted light did not vary by the change in flow rate when blood flow was turbulent. There is also a report of the same observation for reflected light.9 As Reynolds' number at a flow rate of 10 cm/sec is approximately 170, the blood flow is still laminer and the development of turbulence is not the sole factor to reduce reflected light.
The red blood cell is a tender, flabby and amebean corpuscle. It has been demonstrated that a discoid red blood cell can easily be transformed into wrapped or distorted spheric one.12,13 The cross sectional area of the blood cell decreased in such a transformation. Although red blood cells which participate in light reflection increase in number, increase of reflected light will be hampered by the transformation. Further increase in flow rate induces turbulence and brings the intensity to the original level at rest. The change in reflected light with fiber optics along the blood stream will be disturbed by some transformation of corpuscles, and development of tubulence brings reflected light to the original level. Harrison et al.'4 suggested the possibility of measuring the rate of flow with the aid of fiber optics. In the present study, however, the relationship was not linear as described above.
2) Dye concentration and intensity of light reflected
Reflected light was diminished by admixture of dye. The ratio Is/I is dependent on hematocrit and the length of one side of the red blood cell as shown in equation (3). This implies that the ratio decreases as hematocrit increases and increases as hematocrit decreases. Experimental results were independent of hematocrit as shown in Fig. 5 . This discrepancy is attributed to the shading effect2 and to limited validity of Lambert-Beer's law. The value Is/I is not dependent on the intensity of incident light, extinction coefficient of plasma or reflexibility as will be noted from equation (3). This was proved to be true in 9 different blood samples with Cardio green and Coomassie blue.
From the above results, it was concluded that 10.3 per cent and 6.0 per cent of reflected light before admixture of Cardio green and Coomassie blue, respectively, are equal to the deflection caused by 10 mg/l of the dyes in whole blood and this ratio has no sample-to sample variation.
3) Calculation of cardiac output with a new calibration method of dye-dilution curve
The cuvette densitometer15 using transmitted light has been most widely applied to record dye-dilution curves and to calculate cardiac output. This method has the disadvantage of being dependent upon the aspiration of blood which some times falls short for clinical application. The greatest source of error inherent in the calculation of cardiac output by this method lies in the calibration of dye concentration area.
The use of fiber optics for recording dye-dilution curves instead of the cuvette method has acquired an increasing importance. The present paper proposed a new method to calibrate dye-dilution curve using fiber optics.
Since the deflection of the instrument by admixture of 10 mg/l of Cardio green and Coomassie blue in whole blood are 10.3 and 6.0 per cent of reflected light before injection of the dyes, respectively, and there is no patient-to-patient variation, reflected light before injection was measured and the deflection due to 10 mg/l of dye was calculated. The cardiac output calculated by the present method agreed well with that of the cuvette densitometer. The method dispenses with blood sampling for calibration, and proves to be useful for clinical use. 2. Reflected light was increased by the movement of blood when fiber optics were positioned across or against the blood stream, but it was decreased when fiber optics was inserted along the blood stream. The characteristic changes in relation to the rate of flow in 3 directions were observed. 
